The polycystic kidney disease-1 (Pkd1) gene encodes a large transmembrane protein (polycystin-1, or PC-1) that is reported to function as a fluid flow sensor in the kidney. As a member of the transient receptor potential family, PC-1 has also been hypothesized to play a role in the elusive mechanoelectrical transduction (MET) channel in inner ear hair cells. Here, we analyze two independent mouse models of PC-1, a knock-in (KI) mutant line and a hair cell-specific inducible Cre-mediated knock-out line. Both models exhibit normal MET channel function at neonatal ages despite hearing loss and ultrastructural abnormalities of sterecilia that remain properly polarized at adult ages. These findings demonstrate that PC-1 plays an essential role in stereocilia structure and maintenance but not directly in MET channel function or planar cell polarity. We also demonstrate that PC-1 is colocalized with F-actin in hair cell stereocilia in vivo, using a hemagglutinin-tagged PC-1 KI mouse model, and in renal epithelial cell microvilli in vitro. These results not only demonstrate a novel role for PC-1 in the cochlea, but also suggest insight into the development of polycystic kidney disease.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) affects Ͼ12 million people worldwide with ϳ85% of cases caused by polycystic kidney disease-1 (Pkd1) gene mutations (Wilson, 2008) . ADPKD is classically characterized by cysts in the kidneys, pancreas, and liver (Gabow, 1993) .
Pkd1 encodes polycystin-1 (PC-1), a protein with 9 -11 transmembrane domains and a large N-terminal extracellular tail with multiple domains. The intracellular C-terminal contains a coilcoil domain that affects actin cytoskeleton (Boca et al., 2007) .
PC-1 is a member of the transient receptor potential (TRP) family of proteins, and the polycystin subfamily (TRPP) (Delmas, 2005) . PC-1 is expressed in fetal and adult tissues but has been studied primarily in the kidney (Yoder et al., 2002) , where it is localized to the basolateral membrane of tubular epithelial cells (Palsson et al., 1996; Ward et al., 1996; Ibraghimov-Beskrovnaya et al., 1997; Wilson et al., 1999) , and adherens junctions, which are linked to epithelial cells' actin cytoskeleton (Markoff et al., 2007) .
While both function and subcellular localization of PC-1 are unclear, PC-1 has been proposed to play a role in planar cell polarity (PCP) (Grantham, 1996; Carone et al., 1998; Ong et al., 1999) and flow sensing in renal epithelial cells. Cells from mouse models lacking PC-1 or with PC-1 mutations (Nauli et al., 2003) or in an ADPKD patient-derived cell line show limited Ca 2ϩ uptake. This mechanosensitive role, together with the proposed topology of PC-1, is similar to other TRP members implicated in mechanically gated ion channels of the inner ear (Christensen and Corey, 2007; Fettiplace, 2009) .
In the inner ear, hair cells (HCs) are specialized epithelial cells crowned with F-actin-based stereocilia. In mice, at approximately embryonic day 15 (E15), cochlear HC stereocilia appear together with a tubulin-based kinocilium (Anniko, 1983; Richardson, 2006) . The bundle development makes the stereocilia of inner ear HCs a standard model for the study of PCP defects. The cochlear mechanoelectrical transduction (MET) channel is a nonselective cation channel permeable to Ca 2ϩ and K ϩ (Corey and Hudspeth, 1979) , and the influx of ions causes HC depolar-ization as early as postnatal day 0 (P0) in the basal turn of the cochlea (Lelli et al., 2009) . The MET channel is thought to open via a tip link connector, which is composed of cadherin-23 and protocadherin-15 (Siemens et al., 2004; Kazmierczak et al., 2007; Lelli et al., 2010) . Although the MET channel has been studied extensively, including a recent candidate protein (Coste et al., 2010) , its molecular identity remains elusive due to the small number of MET channels per animal.
To investigate whether PC-1 plays a role in MET channels and stereocilia in inner ear HCs, we analyzed three independent mouse models of PC-1: (1) a PC-1-hemagglutinin (HA) knock-in (KI) mutant, in which PC-1 is tagged at its C terminus with HA (Wodarczyk et al., 2009) ; (2) a PC-1 KI mutant, in which PC-1 is mutated at residue T3041V (Yu et al., 2007) ; and (3) a PC-1 conditional knock-out (CKO) mutant, in which PC-1 is deleted specifically in HCs (Piontek et al., 2004; Chow et al., 2006) . Here, we found that PC-1 is localized throughout F-actin HC stereocilia using the PC-1-HA KI mouse model. The other two independent mutations in Pkd1 demonstrate hearing defects and an ultrastructural abnormality of stereocilia, which do not involve PCP defects, in adult mice; however, the MET channel is functional at neonatal ages. Our findings demonstrate that PC-1 does not directly play a role in the MET channel; rather, it plays a structural role, likely with F-actin, in HC stereocilia, which may provide a novel mechanism for polycystic kidney disease.
Materials and Methods
Mouse models. All animal experiments were approved by the Institutional Animal Care and Use Committee at St. Jude Children's Research Hospital and were performed according to National Institutes of Health guidelines. Experimental animals of both genders were used. To obtain a homozygous PC-1-HA KI mouse model, heterozygous PC-1-HA KI mice were bred together (Wodarczyk et al., 2009) . PC-1 KI heterozygous mice were crossed to obtain PC-1 KI homozygous (experimental) and wild-type (WT) control littermates (Yu et al., 2007) . The Pkd1-floxed allele was described previously (Piontek et al., 2004) , as was the transgenic Atoh1-CreER mouse model (Chow et al., 2006 , Weber et al., 2008 . To obtain the PC-1 CKO model, Atoh1-CreER-positive; Pkd1 loxP/ϩ mice were bred together to obtain Atoh1-CreER-positive; Pkd1 loxP/loxP (experimental), Atoh1-CreER-positive; Pkd1 loxP/ϩ (control), and Atoh1-CreERpositive; Pkd1 ϩ/ϩ (control) mice with tamoxifen injections given as described previously (Weber et al., 2008) . Whereas only auditory brainstem response (ABR) was performed in PC-1 KI mutants and their paired WT littermates, both ABR and distortion product otoacoustic emissions (DPOAEs) were performed in PC-1 CKO mutants and their paired WT littermates with tamoxifen injection. We determined that tamoxifen alone with the amount we injected had no effect in WT littermates in ABR and DPOAE tests.
Quantitative real-time PCR. Animal samples were collected and quickly snap frozen with liquid nitrogen. mRNA was isolated using the Perfect Pure mRNA isolation kit (5 Prime). mRNA yield and purity were determined with a NanoDrop spectrophotometer as well as gel electrophoresis. cDNA was produced using a high-capacity cDNA reverse transcription kit (Applied Biosystems). Reactions were completed with primer/probe sets designed using Primer Express software (Applied Biosystems) and TaqMan universal master mix (Applied Biosystems). Probes were designed with a 5Ј FAM and 3Ј BHQ. Each age group was n Ն 4, where each sample was taken from a different mouse. Each reaction was performed in duplicate and run with GAPDH controls as well as nontemplate reaction controls. Experiments were performed using the ABI 7900 HT Sequence Detection System (Applied Biosystems). Results were fit to a standard curve and then normalized to GAPDH controls.
Immunostaining. Inner ears were removed from perfused animals and postfixed for 30 min at room temperature in 4% paraformaldehyde. Adult-age inner ears were decalcified in 120 mM EDTA, whereas younger samples did not require this decalcification step. For sections, ears were placed into 30% sucrose overnight and then sectioned using a Leica CM3050 S at 12 m. For whole-mount immunostaining, cochleae were dissected into basal, midbasal, and apical sections. Sections or whole mounts were washed with 10 mM PBS and blocked (1% bovine serum albumin, 10% goat serum, and 1% Triton X-100) for 1 h at room temperature. Primary antibodies were then applied in 1% bovine serum albumin, 5% goat serum, and 0.1% Triton X-100 and incubated overnight at 4°C. Primary antibodies included rat anti-HA (1:100; Roche), rabbit anti-␣ acetylated tubulin (1:200; Sigma), rabbit anti-cadherin-23 (1:500; a gift from Dr. Ulrich Mueller, Scripps Research Institute, La Jolla, CA), and rabbit anti-espin (1:5000; a gift from Dr. Stefan Heller, Stanford, Stanford, CA). Samples were washed with PBS and incubated at room temperature for 2 h in secondary antibodies (goat anti-rabbit Alexa-488 or Alexa-568, 1:1000, or goat anti-rat Alexa-488 or Alexa-568, 1:1000; Invitrogen) diluted in the same solution as primary antibodies. Samples were again washed with PBS, and rhodamine phalloidin (1:40; Invitrogen) and nuclear stain (Hoechst 33342; 1:2000; Invitrogen) were applied to the samples for 20 min at room temperature, followed by a final PBS wash. Cochleae were mounted with Prolong Gold anti-fade reagent (Invitrogen) and imaged with a Zeiss LSM 510 NLO Meta or LSM 700 confocal microscope.
Intensity analysis. Pixel intensity was measured using Zeiss Zen 2009 software. Pixel intensity was recorded for each fluorophore and then plotted as intensity of signal versus distance on the line. Pearson's correlation coefficient and the overlapping Manders' coefficient were determined for the organ of Corti stereocilia region only, and, for the case of the CL1 cells, single cells were analyzed.
Cell culture. Renal epithelial kidney cells (CL1) were purchased from the American Type Culture Collection (catalog #Cl-101) and were grown in Minimum Essential Medium (Invitrogen) supplemented with 10% fetal calf serum (Invitrogen). Cells were transfected with Halo-mPkd1 using Lipofectamine 2000 (Invitrogen). The construct was prepared by cloning a fulllength mPkd1 construct into the pcDNA5 vector (Invitrogen) that contains HaloTag (Promega). A flexible linker with the sequence GGGGS (Halo-GGGGS) was used at the N terminus immediately following the signal peptide sequence, and a FLAG tag (DYKDDDDK) was used at the C terminus. The Halo-GGGGS cloning was performed in three steps. First, the Halo-GGGGS cassette was generated by annealing and PCR extension with the two primers (G4S-BamHI-F, 5Ј-AAAAGGATCCTCAGGTGGTGGCG-GTTCAGGCGGAGGTGG-3Ј; G4S-BglII-R, 5Ј-TTTTAGATCTCGATC-CGCCACCGCCAGAGCCACCTCCGCCTG-3Ј). The 76 bp PCR fragment was cloned at the 3Ј end of Halo in pHT2 vector (Promega) using BamHI and BglII sites. Next, the mPkd1 construct was subjected to site-specific mutagenesis to generate an AgeI site on the immediate C-terminal end of the signal peptide sequence, whereby CCTGGG (base pairs 391-396; Accession no. U70209) was changed to ACCGGT (AgeI site). Finally, the Halo-GGGGS cassette was amplified by PCR and inserted at the AgeI site generated in the second step. The final construct was confirmed by DNA sequencing for the correct and in-frame insertion of the Halo-GGGGS cassette. After transfection, the cells were stained with a rabbit anti-Halo antibody (1:200; Promega) and rhodamine phalloidin (1:40; Invitrogen).
Scanning electron microscopy. Mice were anesthetized using Avertin (0.5 mg/g) and perfused with Super reagent perfusion wash and Super reagent perfusion fixation (Electron Microscopy Science). Cochleae were removed and decalcified with a Pelco Biowave microwave tissue processor (Ted Pella). The tissue was dissected and fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.35 (Tousimis Research), and 2% osmium tetroxide, pH 7.35, in 0.1 M sodium cacodylate buffer (Electron Microscopy Sciences) before dehydration in an ethanol series and critically point dried (Tousimis Sandai 790). Samples were mounted, coated with gold/palladium, and imaged using a JEOL 7000 field emission gun scanning electron microscope. Stereocilia counts were performed on the middle row of outer HCs in the middle basal turns of the cochlea. Individual stereocilia were counted in each bundle and averaged (n Ն 4 animals per genotype, with four HCs from each animal used for the stereocilia measurements and counts). Comparison with controls was determined using a one-way ANOVA followed by a Student's t test with a Bonferroni correction. Stereocilia height was measured from the tallest row of the stereocilia bundles directly adjacent to the location were the kinocilium was located, again from the middle row of outer HCs in the middle and basal turns of the cochlea. The heights were averaged and compared with controls using a one-way ANOVA followed by a Student's t test with a Bonferroni correction with GraphPad Prism 5.0 software.
ABR. Mice were anesthetized with Avertin (0.5 mg/g, i.p.). Three electrodes were placed subcutaneously in the anesthetized animals: one in the vertex, one underneath the external ear, and one on the back close to the tail. Tone pips of 4, 6, 12, 16, 22, 32 , and 44 kHz were generated using a Tucker Davis Technologies (TDT) workstation (System III) running SigGen32 software (TDT) and delivered to the animal via the external auditory meatus by a 2 mm plastic tube connected to a high-frequency transducer in a controlled acoustic chamber (Industrial Acoustics). The output was fed to an amplifier (HS4 Bioamp headstage; TDT), viewed on an oscilloscope, and recorded. Maximum stimuli were at 75 dB sound pressure level in tone pips. The sampling rates were 50 kHz, and durations were 10 ms. The signals were bandpass filtered (300 Hz to 3 kHz) and amplified 100,000 times. The number of acquisition trials was set at 500 averages with 250 rarefaction and 250 condensation stimuli. Auditory thresholds were determined by decreasing the sound intensities, from 75 to 5 dB, until reaching the lowest sound intensity at which reproducible waves could be recognized. Comparison with the corresponding frequency in controls was performed using a two-way ANOVA followed by a Student's t test with a Bonferroni correction with GraphPad Prism 5.0 software, with n Ն 4 animals per genotype.
DPOAEs. Mice were anesthetized with Avertin (0.5 mg/g), and DPOAE 2f 1 Ϫ f 2 responses were recorded at a range of frequencies (6 -22 kHz) using two EC1 speakers coupled via an ER10B microphone probe (Etymotic Research) within the acoustic probe and the TDT BioSig II system. The signal duration was 83.88 ms, and the repetition rate was 11.92 per second. Emissions f 1 and f 2 were each passed through an RX6 multifunction processor (TDT) for digital/analog conversion to PA5 programmable attenuators. Ear canal sound pressure was recorded with an ER10Bϩ low-noise microphone and probe (Etymotic Research) housed in the same coupler as the f 1 and f 2 speakers. The output of the ER10Bϩ amplifier directly went to an RX6 multifunction processor (TDT) for analog/digital conversion for sampling at 200 kHz. FastFourier transforms were performed from averaged responses using TDT BioSig software on the resultant waveform. The noise floor was defined as the average of the sound levels of 10 frequency bins above and below the 2f 1 Ϫ f 2 frequency bin. Thresholds were determined if the 2f 1 Ϫ f 2 measurement was higher than two standard deviations from the noise floor. Individual mouse thresholds were averaged for each frequency tested and compared with corresponding frequencies in controls using a two-way ANOVA followed by a Student's t test with a Bonferroni correction with GraphPad Prism 5.0 software, with n Ն 4 animals per genotype.
Electrophysiology measurements. Cochlear HC measurements were recorded from P4/P5 explant cultures as described previously (Lelli et al., 2009) , with n ϭ 3 animals per genotype and Ն4 cells tested per genotype. All data sets were nonsignificant, with p Ͼ 0.05 as determined by a Student's t test when comparing mutants to controls.
Results

Polycystin-1 is associated with HC stereocilia
For a gene to be part of the MET channel in the inner ear, it must be expressed both temporally and spatially in stereocilia bundles. To determine the temporal expression of Pkd1, we first performed quantitative real-time PCR with RNA isolated from the whole cochlea of WT mice and found that Pkd1is expressed at perinatal as well as postnatal ages ( Fig. 1) , with Pkd1 mRNA peaking around E17.5 and leveling off in postnatal ages. This temporal pattern is also comparable to genes associated with the MET channel, specifically tip link proteins (Corey et al., 2004; Cuajungco et al., 2007; Lelli et al., 2009) .
To confirm mRNA expression and determine the subcellular localization of PC-1 in inner ear HCs, we examined the protein expression pattern of PC-1 in the cochlea, specifically in the stereocilia. Since most PC-1 antibodies do not work well for immunohistochemistry, and the expression level of PC-1 is generally low, we took advantage of a recently developed KI mouse model in which PC-1 is tagged with three HA sequences on the C terminus before the stop codon (PC-1-HA KI). The addition of these tags has been shown to not interfere with subcellular localization and function of PC-1 in kidney epithelial cells (Wodarczyk et al., 2009) . To further confirm that PC-1-HA is normal in the cochlea, we performed ABR analysis of homozygous PC-1-HA KI mice at 5 weeks of age and found normal ABR responses at all frequencies tested except 32 kHz (Fig. 2) . We did observe a significant threshold increase compared to WT at 32 kHz, but attributed the slight threshold elevation to variable age-related hearing loss known in the C57BL/6 stain of mice.
After confirming that PC-1-HA does not affect normal PC-1 function in HCs, we went on to examine the distribution of PC-1-HA in inner ears at P0. We found that PC-1-HA was expressed throughout the actin-based stereocilia of HCs (Fig. 3A-CЈ) but not in the kinocilium of HCs or colocalized with ␣-tubulin, which labels the kinocilium (Fig. 3D-H ) . We examined the staining intensity patterns of F-actin and HA in both WT and PC- ABR measurements of PC-1-HA KI mice. PC-1-HA KI mice (gray) show no differences from WT (black) littermates from 4 to 22 kHz, with a significant difference detected at 32 kHz, likely due to age related hearing loss common in C57BL/6 mice. Data are expressed as mean Ϯ SEM. *p Ͻ 0.05 compared with WT threshold at the corresponding frequency as determined by a one-way ANOVA followed by a Student's t test with a Bonferroni correction, with n Ն 5 animals for each genotype. Black bars, WT; gray bars, PC-1-HA KI.
1-HA KI mice at levels of both the stereocilia (Fig. 3A-BЈ) and the lateral wall of the HC body (Fig. 3C,CЈ) . WT HCs had similar line intensity plots for HA staining in both stereocilia (Fig. 3 A, AЈ) and the cuticular plate (data not shown), whereas the line intensity plots of HA staining in the PC-1-HA KI model were increased at the stereocilia level (Fig. 3 B, BЈ ) compared with the lateral wall (Fig. 3C,CЈ) . This can be further seen through the line intensity analysis of the HA signal between the WT (Fig. 3AЈ) , PC-1-HA KI stereocilia (Fig. 3BЈ) , and the PC-1-HA KI cell body (Fig. 3CЈ) . When analyzed for colocalization of HA with F-actin in the stereocilia, PC-1-HA KI HCs had a correlative overlapping Manders' coefficient of 0.86 and a Pearson's correlation coefficient of 0.68 (Fig. 3BЈ) . The intensity data convincingly demonstrate that PC-1-HA is localized to the F-actin-based stereocilia bundles. Additionally, we found HA staining throughout all turns of the cochlea and throughout the length of each stereocilium (data not shown), indicating that PC-1-HA and F-actin are distributed in similar patterns in HC stereocilia. Similar to outer hair cells (OHCs), PC-1 is also localized to stereocilia of inner hair cells (IHCs) (data not shown).
By examining ages after the kinocilium regressed, we found that PC-1-HA continues to colocalize with F-actin in the stereocilia in PC-1-HA KI animals (data not shown). Consistent with the age-dependent decrease in Pkd1 mRNA, we also saw a decrease in PC-1-HA-tagged protein expression with age. Our colocalization of PC-1-HA with F-actin is consistent with previously described in vitro findings indicating PC-1 plays a role in F-actin cytoskeleton rearrangement (Boca et al., 2007) .
Colocalization of polycystin-1 with F-actin in transiently transfected CL1 and HeLa cells
To further examine PC-1's colocalization with F-actin, we used the CL1 renal epithelial kidney cell line, the parental strain of CL4, both of which have been widely used for localization studies of other HC stereocilia proteins (Loomis et al., 2003; Sekerkova et al., 2004; Zheng et al., 2010) . We transiently transfected CL1 cells with a mouse Halo-Pkd1 fusion construct (Halo-mPkd1; see Materials and Methods). HaloTag is a new protein tagging system that allows for multiple analytical processes to be monitored with one tag. In addition to localization through the use of antibodies, HaloTag can also be localized through ligand binding (Los et al., 2008) . Using this technology, we localized Halo-mPkd1 to the actin-based microvilli (similar to actin-based stereocilia of the cochlea) of transfected CL1 cells (Fig. 4A-D , dashed lines) compared with control nontransfected cells (Fig. 4 A-D, asterisks) . We also confirmed colocalization of F-actin and Halo-mPkd1 protein with measures of fluorescent intensities of Halo (green line) and F-actin (red line) staining (Fig. 4 AЈ-DЈ) . Line intensity plots indicate that there was colocalization of F-actin and HalomPkd1 in the microvilli of these cells (Fig. 4CЈ ,DЈ) but little to no colocalization of Halo-mPkd1with F-actin in the cytosol or nucleus (Fig. 4 AЈ,BЈ) . As further confirmation of the localization of the Halo-mPkd1 protein in CL1 cells, we transfected a mutated version of Halo-mPkd1, which contains a mutation in the GPS domain of the PC-1 protein and is known to render the protein less functional in the kidney, into CL1 cells (Yu et al., 2007) . The mutant protein, termed Halo-PC-1 T3041V , does not appear to localize to the microvilli (Fig. 4 E, microvilli layer) , but rather to the cytoplasm (likely endoplasmic reticulum) of CL1 cells (Fig.  4 F, cell body layer) . In addition, we also transfected HeLa cells with the Halo-mPkd1 construct and confirmed the localization of Halo-mPkd1 to the actin-based filopodia (Fig. 4G) . HalomPkd1 was also present in other areas of CL1 and HeLa cells, likely due to the overexpression of the mPkd1-Halo construct. Together, these observations, along with the PC-1-HA KI staining pattern in HCs, are consistent with PC-1 colocalizing with F-actin in the stereocilia of inner ear HCs. Since CL1 cells are a renal epithelial cell line, and we found localization of HalomPkd1 with F-actin in vitro, it is also likely that in vivo PC-1 localizes with F-actin in the kidney. However, in our experiments we did not see a change in F-actin organization as shown by Boca et al. (2007) , but attribute this difference to cell type specificity as well as differences in constructs. 
Pkd1 mutations lead to hearing defects in two independent mouse models
After localization of PC-1 in HCs, we examined the in vivo effect of Pkd1 mutations in the inner ear using two independent Pkd1 mutant mouse models. The first mouse model examined was a KI mouse model (PC-1 KI) in which there was an amino acid substitution (T3041V) in the G-protein-coupled proteolytic site (GPS) domain of PC-1's extracellular N terminus. This mutation is the same used as a negative control in the CL1 transfection studies (Fig. 4 E, F ) . Substitution of a valine at this site prevents the post-translational cleavage of the extracellular N terminus of the protein at the juxtamembrane GPS; however, the CL1 study revealed mislocalization of the PC-1 protein, which could cause a lack of protein function. PC-1 KI mice are visibly smaller, develop polycystic kidney disease characterized by enlarged abdomens and cyst filled kidneys, and die at ϳP25 (Yu et al., 2007) . The body defects as well as the premature death in the PC-1 KI imposed some limitations in our studies; thus, we used a second Pkd1 mouse model. The second model is an HC-specific conditional knock-out mouse model of Pkd1 (PC-1 CKO), in which the Pkd1 gene is deleted specifically in inner ear HCs. We developed the PC-1 CKO model by crossing a transgenic Atoh1-CreER mouse model (Chow et al., 2006; Weber et al., 2008 ) with a PC-1 floxed mouse model (Piontek et al., 2004) and induced Pkd1 gene deletion with tamoxifen at P0 and P1. In the PC-1 CKO model, the deletion of the PC-1-targeted exons is detected as early as 48 h after the second tamoxifen injection when examined through genomic DNA PCR (data not shown), which is similar to previ- ous reports (Weber et al., 2008) . This PC-1 CKO mouse is viable without obvious abnormalities in other systems examined.
Both mutant PC-1 models underwent ABR evaluations upon hearing maturation (P25 for PC-1 KI and P35 for PC-1 CKO) and displayed significant hearing threshold elevations at all frequencies tested (4 to 32 kHz) (Fig. 5 A, B) . While the mice were not completely deaf, mutation or deletion of Pkd1 resulted in a 20 to 30 dB threshold elevation in hearing response from that of their WT control littermates. Because of the possibility of incomplete tamoxifen-mediated deletion of PC-1 in the PC-1 CKO mice (Chow et al., 2006; Weber et al., 2008) or residual PC-1 activity in the PC-1 KI mice (Yu et al., 2007) , the measured ABR threshold shifts may underestimate threshold shifts in the complete deletion of PC-1. Nevertheless, these findings show that PC-1 plays an important role in cochlear HCs and the hearing cascade. Similar phenotypes between the two Pkd1 mutant strains also demonstrate that hearing defects in the PC-1 KI mice are due primarily to defects in HCs, further confirming the functional role of PC-1 specifically in HCs.
While ABR measurements showed a deficit in hearing ability for both Pkd1 mutant mouse models, this technique is a measurement of the entire hearing cascade. We conducted another in vivo hearing assessment, DPOAE, which specifically measures the function of outer HCs. Due to the extended time period of the test and the disease phenotype seen in the PC-1 KI model (Yu et al., 2007) , only PC-1 CKO mice were tested. PC-1 CKO mice had a DPOAE threshold elevation of 15-30 dB at frequencies between 16 and 22 kHz (Fig. 5C ), similar to results seen with ABR (Fig. 5A) . Upon examination of DPOAEs as an input/output function, we observed a rightward shift in PC-1 CKO mice, indicating that outer HCs are defective in responding to sounds at various intensities compared with controls (Fig. 5D ). Both DPOAE analyses are consistent with a defect in the outer HCs of our PC-1 CKO model.
HC mechanoelectrical transduction is not affected by deletion of PC-1
To elucidate whether the loss of PC-1 affects the MET channel, we examined the function of the channel in both mutant mouse models, PC-1 KI and PC-1 CKO. PC-1 CKO mice were killed at P2, and cochleae were dissected and maintained in culture for 3 d (equivalent to P5). PC-1 KI mouse models were killed at P3, and cochleae were dissected and maintained in culture for 1 d (equivalent to P4). Transduction currents as well as the open probability of the channel, operating range, and slow/fast adaptation time constants were recorded as described previously (Lelli et al., 2009 ). Both PC-1 KI and PC-1 CKO produced normal OHC MET channel currents compared with WT littermates (Fig. 6 A) . The maximal transduction current in both models appeared normal and showed no significant differences from WT (Fig. 6 B) . Furthermore, there were no significant differences between ei- The open probability of the MET channel in WT (black) and PC-1 CKO (blue) mice. Right, The mean 10 -90% operating range measured in nanometers. The number of cells is indicated. Again, no significant differences were noted between genotypes. D, Adaptation rate of the MET channel in both mutant models (PC-1 CKO and PC-1 KI) were measured. We found no significant differences in the tau fast and tau slow values of adaptation between the mutants and wild-type littermate controls. Data are expressed as mean Ϯ SEM. ther mutant mouse model and their WT littermates with regard to the open probability and operating range of the MET channel (Fig. 6C) . We also saw no change in the channel's slow or fast adaptation time constants (Fig. 6 D) . These data demonstrate that mutations in PC-1 do not affect MET channel activity in cochlear OHCs at P4 -P5, during the time when the MET channel is normally mature.
Pkd1 mutations result in stereocilia ultrastructural abnormalities
To uncover the underlying reason for the hearing phenotype in the PC-1 mutant mice, we examined both the gross and ultrastructural morphology of inner ear HCs. Cochlear whole mounts from both PC-1 KI and PC-1 CKO animals were stained with phalloidin and analyzed for HC bundle abnormalities. In outer, inner, and vestibular HCs at P0, P4 -P5, P14, and adult ages (P25 for PC-1 KI and P35 for PC-1 CKO), we found no obvious phenotypic differences among genotypes (data not shown). The stereocilia displayed normal bundle structure and polarity throughout all ages of the inner ear. Examination at the ultrastructural level using scanning electron microscopy also revealed normal stereocilia bundles with respect to bundle polarity and structure at P0, P4 -P5, and P14 compared with WT littermates (Fig. 7A-C) .
However, when we examined the bundles at adult ages (P25 for PC-1 KI and P35 for PC-1 CKO), we found significant structural differences between the mutants and WT cochleae (Fig. 7D-I ) . OHC bundles no longer maintained their typical stair-step pattern of stereocilia rows increasing in height; instead, individual stereocilia appeared farther apart from their neighbors and lacking in rigidity. The numbers of stereocilia per bundle in both mutants were significantly reduced compared with their WT littermates (Fig. 7J) . Interestingly, the height of mutant OHC stereocilia was significantly increased compared with WT, based upon measurements of the last row of stereocilia in the bundles (Fig. 7K) . IHC stereocilia were affected less than OHCs, consistent with the less number of IHCs that were Cre positive (Chow et al., 2006; Weber et al., 2008) . Ultrastructural examination of the bundles at P14 revealed no visual differences between mutant and WT stereocilia (Fig. 7A-C) , and, as further confirmation, there were no quantitative differences in stereocilia bundle height or stereocilia number per bundle between the two mutant models and their WT littermates (data not shown). Comparison of control littermates from each mutant model exhibited similar stereocilia number and height, confirming the validity of our measurements (Fig. 7J,K) . Together, the data indicate that the ultrastructural defects occur between P14 and adult ages in both mutants and are consistent with the hearing defects detected at adult ages (Fig. 5) . Since many stereocilia bundle mutants show a regression in stereocilia over time (Nayak et al., 2007) , we examined PC-1 CKO mice at 1 year of age, and there was no HC loss revealed through whole mount immunostaining (data not shown).
Stereocilia proteins remain intact and present in PC-1 mutants
To further analyze the potential role of PC-1 in the stereocilia, we examined known adult stereocilia markers, including cadherin-23, a component of the tip link, and espin, an actin treadmilling protein. We found no obvious differences in stereocilia localiza- Figure 7 . Scanning electron microscopy analysis of HC bundles in PC-1 KI (T3041V) andPC-1 CKO mice. A-F, At age P14 there were no differences between the WT (A), PC-1 KI (B), and PC-1 CKO (C) whole mounts. At adult ages, WT (D), PC-1 KI (E), and PC-1 CKO (F) whole mounts (5000ϫ magnification) show bundle malformations in all three rows of the OHCs. G-I, At 20,000ϫ magnification, individual HC bundles can be seen, with WT (G) bundles having a unique stair-step, three-row pattern; however, the PC-1 KI (H) and PC-1 CKO (I) bundles have an obvious defect in bundle organization. Stereocilia in both mutants appear different in length (arrow), rigidity (arrowheads), and organization from the WT control cell. J, K, Quantification of the adult bundle phenotype indicates that both the stereocilia number per bundle (J) and the height of individual stereocilia (K) were significantly different in the mutants compared with controls. Four mice were analyzed from each genotype, with four cells analyzed from each mouse. PC-1 mutant mice had a decrease in the stereocilia number and an increase in the stereocilia height. Scale bar: I (for A-I), 1 m. **p Ͻ 0.01; ***p Ͻ 0.001 as determined by a one-way ANOVA followed by a Student's t-test with a Bonferroni correction.
tion of cadherin-23 and espin between the WT and PC-1 CKO mutants at P35 (Fig. 8) .
Discussion
Since many members of the TRP family have been implicated as part of the MET channel (Colbert et al., 1997; Liedtke et al., 2000; Walker et al., 2000; Mutai and Heller, 2003; Corey et al., 2004) , we investigated PC-1 through analysis of three independent mutant mouse models. We found in PC-1-HA KI mice that PC-1 is located throughout HC stereocilia, colocalized with F-actin. Two independent PC-1 mutations produced no MET channel abnormalities, similar ABR and DPOAE hearing threshold elevations, and abnormal HC bundle phenotypes. OHC bundles showed a significant increase in height of stereocilia and a decrease in the number of stereocilia per bundle, without defects in PCP. Therefore, the data suggest that PC-1 is not necessary for establishment of MET channel function but instead may be required to maintain normal stereocilia structure, possibly via localization with F-actin.
Due to previous reports of TRP family members' roles in other mechanotransducing systems, it is thought that they likely play a role in the HC MET channel (Colbert et al., 1997; Walker et al., 2000; Mutai and Heller, 2003) . PC-1 can sense fluid flow and help in the uptake of Ca 2ϩ in the kidney (Nauli et al., 2003) . Additionally, TRPP family members have conductance and Ca 2ϩ permeability similar to the MET channel (Owsianik et al., 2006) . This suggested that PC-1 was an excellent candidate for the MET channel in HCs. We measured the MET channel transduction current, the operating range, and adaptation ability of the channel in PC-1 mutant mouse models at P4/P5, when the MET channel is fully functional. In all areas examined, there were no significant differences between the mutant models and the controls. Also, HC bundle morphology was normal at this age in both mutants. One explanation for the lack of a MET channel phenotype is that the half-life of PC-1 in HCs may be long, and thus it has not been effectively depleted in PC-1 CKO mice at P5 with induction at P0/P1. In renal cells of the germline PC-1 KI mice, PC-1 is expressed as a full-length, uncleaved protein due to the lack of cleavage in the membrane (Yu et al., 2007) . If the cochlea mimics either the renal epithelial cells or CL1 transfected cells, the mutant PC-1 T3041V protein likely does not target the stereocilia of HCs, eliminating the function of PC-1 associated with stereocilia. Even though it remains possible that a small amount residual normal PC-1 remains in the stereocilia, the PC-1 KI mouse should show significant defects in MET channel function at P4/P5 if PC-1 were an essential component of the MET channel. Further support comes from previous studies that no MET channel defects have been observed in other stereocilia structural mutants at this age, such as the TRIOBP mutants (Kitajiri et al., 2010) . Our data cannot rule out the possibility that PC-1 acts as a regulatory or accessory protein that is associated with the MET channel, but it does show that it is not required for MET channel maturation and function at neonatal ages. Unfortunately, due to limitations in the ability to measure the MET channel function at adult ages, we cannot exclude that PC-1 plays a role in the MET channel at adult ages. However, our data do indicate that the phenotype we are observing is due to the lack of PC-1 in the HCs and not other cell types in the cochlea. Since PC-1 is thought to be ubiquitously expressed, it is possible that a defect in PC-1 in the stria vascularis could cause a distinct phenotype; however, the HC-specific PC-1 CKO mouse model had the same phenotype as the PC-1 KI model, which excludes the contribution made by dysfunction in the stria vascularis. Additionally, PC-1 is also localized to the IHC stereocilia, and we found the defects in IHC stereocilia in both mutants (PC-1 KI and PC-1 CKO; data not shown). Although it remains possible that only OHCs are defective, our data are consistent with the notion that ABR/DPOAE defects in either mutant are likely caused directly by the combined defects in IHCs and OHCs. Even though PC-1 does not play a direct role in the MET channel in either PC-1 mutant model, as we and others originally expected (Fettiplace, 2009) , PC-1 still plays a distinct role in the stereocilia, based on abnormal stereocilia phenotypes and hearing deficits we observed in both mutants at adult ages. One of the most striking findings in our study was the colocalization of PC-1 with F-actin throughout the length of HC stereocilia. In support, we also saw colocalization of PC-1 with F-actin-based microvilli in a renal epithelium cell line. Previous studies have shown PC-1 plays a structural role in other systems through its ability to regulate the actin cytoskeleton (Boca et al., 2007; Markoff et al., 2007) . In support, PC-1's coil-coil domain located in its C-terminal tail often colocalizes with F-actin (Boeda et al., 2002) . In our PC-1 mutant mouse models, we found disorganization of actin stereocilia bundles, providing strong evidence that PC-1 is indeed involved in stereocilia F-actin structure. Mutations in the known HC stereocilia components myosin XVa, whirlin, and espin result in a decrease in the height of bundles (Nayak et al., 2007) . In the case of PC-1 deficiency in our models, we believe that the balance or maintenance of F-actin assembly is disrupted, resulting in the increase in stereocilia length and decrease in stereocilia number per bundle, which ultimately causes hearing loss. Further evidence that PC-1 is working together with the F-actin core of the bundles is shown through the normal localization of other bundle proteins such as espin and cadherin-23.
The stereocilia phenotype we observed, while not as extreme as some other bundle mutants, does indicate a role for PC-1 in stereocilia structural maintenance (Nayak et al., 2007) . However, PC-1 has multiple family members with similar structural motifs (Hughes et al., 1999; Veldhuisen et al., 1999; Yuasa et al., 2002) , so it is possible that other family members or other proteins compensate for the loss of PC-1 in our mutant mouse models. It should be noted that polycystin-2 (PC-2) is commonly thought to form a cation channel with PC-1 Hanaoka et al., 2000; AbouAlaiwi et al., 2009) . This leads to an interesting question of what would happen if both molecules were deleted in inner ear HCs and whether this double mutant would produce a MET channel phenotype. Since germline KO mice of either PC-1 or PC-2 are embryonic lethal (Boulter et al., 2001; Pennekamp et al., 2002) , a conditional or inducible system is needed to delete both genes; however, the expression pattern of PC-2 in the inner ear is still unknown (it is entirely possible that PC-2 may not be even localized in stereocilia). It should also be noted that PC-2 can interact with actin cross-linkers as well as ␣ actinins, actin binding and bundling partners (Schumann et al., 2009) .
Due to the lack of hearing phenotypes reported in the polycystic kidney disease patient population, it might seem surprising to study PC-1 in the cochlea; however, it is now understood that polycystic kidney disease is a result of a second hit or loss of heterozygosity in the kidney, while the normal allele in the cochlea remains untouched (Qian et al., 1996; Koptides et al., 1998; Badenas et al., 2000; Perez-Oller et al., 2000) . We know from examining the heterozygous PC-1 mutants (both mouse models) that the loss of one allele is not significant to cause hearing loss (data not shown). Hence, we believe this is the most likely explanation for normal hearing in polycystic kidney disease patients. In addition, many have thought that PC-1 is an important regulator of PCP in the kidney (Grantham, 1996; Carone et al., 1998; Ong et al., 1999) . Upon examination of PC-1 in the inner ear, an organ known for PCP (Dabdoub and Kelley, 2005; Jones and Chen, 2007; Kelly and Chen, 2007) , we did not detect any change in the orientation of stereocilia bundles, and thus no evidence that the PCP pathway is defective. The lack of phenotype can easily be explained in the PC-1 CKO model, since inactivation of the Pkd1 gene occurs at P0/P1 after stereocilia patterning is completed; however, there is also no PCP phenotype seen in the PC-1 KI model. Our results demonstrate that either PCP in the cochlea does not require PC-1 or the residual PC-1 T3041V that is uncleaved in the membrane is sufficient to regulate PCP.
Both subcellular localization and binding partners of PC-1 are still unclear, even in the kidney; however, an effective avenue to precisely localize proteins such as PC-1 is to use biochemically tagged KI mouse models. These tags are small and easily traceable using well-characterized antibodies and do not affect the subcellular localization of endogenous proteins. We have successfully used this approach here and revealed the previously unknown PC-1 subcellular localization in the cochlea. Given our findings that PC-1 colocalizes with F-actin in HC stereocilia and in CL1 renal epithelial cells, we believe that PC-1 and F-actin cooperate with each other to help maintain the normal structure of microvilli in the kidney, and defects in this relationship may eventually lead to polycystic kidney disease. More experiments are necessary to elucidate the relationship between F-actin and PC-1 in the stereocilia of the inner ear and microvilli of the kidney.
